A THEORETICAL AHD EXPERIMENTAL STUDY AT^dACH 8 
0 P ILOW SEPARATION OF A FLAT PLATE WITH 


' DEP]^i 


ICTED TRAILING EDGE FLAP 


By 

Charles Borden Johnson 

Thesis submitted to the Graduate Faculty of the 
Virginia Polytechnic Institute 
in candidacy for the degree of 

MASTER OF SCIENCE 

GPO PRICE $ 

ii.li 

CFSTI PRICE(S) $ 

... C on AEROSPACE ENGINEERING 

Hard copy (HC\ ^ t) i VU 

Microfiche (MF) ^ 0 

ff653 July 65 


N 6 6 

August 1966 

38716 

— - 

(ACCESSION NUMBER) 

(THRU) 

/ 

rm- 

(NASA CR OI 

(PAGES) J 

- S 

R TMX OR AD NUMBER) 

(CODE)^ 1 

- 0 

(CATEGORY) 



A THEORETICAL AND EXPERIMENTAL STUDY AT MACH 8 
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Charles Borden Johnson 
ABSTRACT 

An experimental investigation was made into the effect of unit 
R^nolds number, flap angle, and wall temperature on the pressure 
distribution and flow field of a flat plate model with a trailing 
edge flap. The tests were conducted at a nominal Mach number of 8 
and the nominal unit Reynolds number per foot was varied from 
0.22 X 10^ to 10.9 X 10^. The results showed the unit Reynolds 
number and wall temperature effect on the extent of separation for 
both laminar and transitional separation. The pressure measurements 
at three wall temperature conditions are compared -vd-th the theory of 
Lees and Reeves for adiabatic and cool wall conditions. 
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IV. HJTEOrUCTION 


Flow separation is a ccmmion fluid mechanical phenomenon occurring 
on many configurations and over a range of conditions from subsonic to 
hypersonic flow. There have been a large number of Investigations, 
both theoretical and experimental, of these configurations and the 
conditions causing flow separation. Eecent reviews of flow separation 
research are given in references 1 through The effect of flow 
separation in front of an upward deflected (that is, positive deflec- 
tion angle) trailing -edge control surface can change considerably the 
performance of a hypersonic vehicle from that predicted by the ideal- 
ized inviscid pressure distribution. In this thesis, only the geometry 
of a flat plate with an upward deflected flap will be considered. The 
experimental data are compared with predictions from the theory of 
Lees and Reeves (ref. k) which is a shock -wave boxxndaiy-layer inter- 
action theory. 

As the free-stream Mach number increases into the hypersonic flow 
regime, laminar flow generally becomes more prevalent, therefore, 
increased attention has been focused on laminar separation and the 
associated laminar plateau pressure rise (see sketch l). Typical 
examples of experimental investigations of flow separation on flat 
plates with trailing -edge flaps are found in references 5 to 2k. 

The pxirpose of this thesis is to present a detailed experimental, 
and theoretical study of the effect of Reynolds number, flap angle, 
and wall temperature on the suiface static pressure, the flow field, 
and the heat transfer for a flat plate (model) with a trailing -edge 
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Sketch 1. Ccm^Jeirison of the hasic flow models assumed for a shock 
wave hoimdary layer interaction and flat plate with a trailing 
edge flap and their associated laminar pressure distrihution. 
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flap. The tests were conducted for wall to total temperature ratios 

of O.lii', 0.45, and 0.74, and flap angles of 10°, 20°, and 50°, for a 

6 6 

unit Reynolds number range of R = 0.22 x 10 to 4.3 X 10 per foot. 

Pressure and schlieren studies were made for all three waJ.1 -temperature 

ratios, while the heat -transfer studies were made only for a wall to 

total temperature ratio of 0.43* The separation point, the separation 

shock angle, and the separation flow deflection angle data were 

obtained from the schlieren studies. These angles and distances 

agreed qualitatively with the results indicated by the pressure 

studies. The pressure data for wall to total temperature ratios of 

0.43 and 0.74 showed the extent of the interaction and separated 

region, the plateau pressure level and the flap pressures for a unit 

6 6 

Reynolds number range of R - 0.22 x 10 to 10. 9 x 10 per foot. 

Separation and reattachment points were also measured by oil -flow 

studies Tt^^T^ = 0*^3^ for 10°, 20°, and 30° flap angles and unit 

6 6 

Reynolds numbers ranging from 0.22 x 10 to 4.3 X 10 per foot. The 
trend in the movement of the separation point with a change in unit 
Reynolds number found from the oil -flow study clarifies the apparent 
contradictory results previously obtained for a much narrower range 
of Reynolds numbers (refs. 7 and I6). The effect on the movement of 
the interaction region when the separation goes from pure laminar type 
separation to a transitional type of separation, with an increase in 
unit Reynolds number, is shown. Reattachment pressures were determined 
from plots of the pressure distributions and the point of reattachment 


found from oil -flow studies. 
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The Lees and Reeves' theory was used to compute the pressure 
rise from the beginning of the interaction region to the end of the 
first press-ure plateau region. The local similarity theory (ref . 25) 
was used to calculate the upstream boundary layer. The Lees and 
Reeves' solution was joined to the upstream boundary-layer solution 
by matching the value of the physical momentum thickness at the 
beginning of the Lees and Reeves ' interaction region. Detailed 
results of these calculations are presented herein. 

The Lees and Reeves' theory for the adiabatic wall ^T^^T^ = 1.0^ 
and cool wall ^T^^T^ - 0.6j Is compared to the esqjerlmental case of 
T^^T^ = 0.7^ and = 0*^5; respectively. The agreement between 

the pressure distribution, as predicted by the Lees and Reeves ' 
theory, and the experimental pressure data is good over a large range 
of Reynolds numbers. The heat-transfer prediction, by a modified 
Lees and Reeves ' method, shows a trend which agrees qualitatively with 
the experimental heat -transfer data. 



11 


V . LIST OF SYMBOLS 


a 


D 


E 


h 

H 


L 

L' 

m 

M 

P 


R 


for attached, flows 

^ f '=0 

defined hy equation (A.-14) 


r 

l^i/f'=C 


for separated flow 



enthalpy integral 


-5. 

1 


S dY 


p S. — 

integral, / S dY 


u 


-e 


defined by equation (A-13), also stream function, equations 
(l) and (2) 

defined by equation (A- 12), also enthalpy 


/V 


9* 

length of flat plate portion of the model, 10 inches 
normalizing factor for the theoretical solution, equal to 
1 foot 

defined by equation (A-6) 

Mach number 
pressure 


wall shear stress function, 


heating rate 


V 


u 




dissipation function 


2&t^ 


3y 


dY 



i0l 


R 


R 6 * 
e t 


S 


ip-Jf 

T 

U,Y 


h 1 


a 

B 


7 

6 


6 . 

1 



n 


Reynolds number per foot (unit Reynolds ntmiber) 


R^nolds nimiber. 


% \ V 


total enthalpy function, >- 1 

t 

e 


enthalpy function, E^S^6^* 
temperature 

velocity component parallel and normal to surface 
Stewartson’s transformed velocity, equation (C-^) 
coordinate parallel and normal to surface 
Stewart son's transformed coordinates, equation (C-2) 

velocity integral, -g-Tp / 2- dY 

t *-^0 u 

e 


defined hy equation (5) 
pressure gradient parameter 
ratio of specific heats, 

■boundary- layer thickness 
trailing-edge flap angle 
transformed "boundary- layer thickness 


boundary- layer displacement thickness. 



transformed displacement thickness, 8^* + e 



stagnation enthalpy ratio, 

e 

similarity vaxiable, equation (C-5) 


i c: i | 0 i 



- 13 - 


9 * 
i 




boundary^layer momentum thickness, / ^ 1 - ^ jd? 

^ o V ^ 

r 8, - f - ^ _ 
mechanical "energy" thickness, / ^ ^ ( 1 - — ^ ] dY 


° \ lie. 


local angle hetween streamline at y = 5 and x- axis. 


tan 


C'e/“e) 


a viscosity 

V Prandtl-Meyer angle) also Kinematic viscosity, (n/p) 

0 density 
Subscripts 

e local conditions external to the boundary layer 

1 transformed conditions 

PI plateau value 

R reattachment value 

t stagnation conditions 

¥ wall conditions 

X along the plate 

0 at the beginning of the interaction 

w . free- stream conditions 

k prime indicates differentiation with respect to n 



VI. APPARATUS AHD TEST PROCEDURES 


Description of the Jtodels Used 
The pressure model used for the tests at all three wall- 
temperature conditions is shown in figxires 1 and 2. The instiumenta- 
tion extends from 75 inches aft of the leading edge to 0.281 inch 
ahead of the trailing edge of the flap. The model had a sharp leading 
edge of about 0.001 inch thickness j the flat-plate portion of the model 
was 7.75 inches wide and 10.0 inches long. A 2.0-inch-long trailing- 
edge flap, which may he positioned at angles > 10*^, 20°, 

and 50° (relative to the flat -plate portion of the model) extends 
across the hack of the model. The model was also run with upper side 
plates which extended hack from the leading edge at an angle of 
approximately 6° as indicated hy the line labeled "side plates" in 
figure 1. ' 

The heat -transfer model is shown in figures 3 and The same 
leading edge piece, as used for the pressure model, was used on the 
heat- transfer modelj the heat-transfer and pressure models were 
geometrically identical on the upper test surface. 

Instrvanentation 

The pressure model was instrumented with 25 pressure orifices of 
0.070 inch inside diameter as shown in figure 2. The pressures were 
measured with electrical hot-wire pressure gages (with a range of 0 
to 20 millimeters of merciiry) and electrical wire strain-gage pressure 
gages. The pressure range of the strain-gage type varied from 0 to 1 
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and 0 to 7*5 psia. The aecwacy of the hot-wire pressxire gage Is 
considered to he io.05 milliaieter of mercury, while the accuracy of 
the strain-gage pressure transducer is considered to he 0.75 P®rh®tlt 
of full-scale deflection. The calihration of the hot-wire gage is 
extremely nonlinear, thus they must he calihrated with a high 
resolution (or a large number of points) in, the lower pressure range. 
The strain-gage transducers are linear in calihration over their rated 
pi’essxire range. 

Pressure tests at T T. = 0,^3 and 0,15 were made with the 

w t 

electrical hot-wire type of pressure gages mounted inside the body of 
the model, as shown in figure 5, For presstore tests at T^ T^ = 0.^3 
the strain-gage transducers were used alsoj these were mounted inside 
the model vacuum chamber injection box below the tunnel test section 
as shown in figure 6. Stainless- steel tubing and plastic vacuum 
tubing were used for all pressure leads. For the presswe tests at 
T_ T+ = 0.7^, both the electrical hot-wire and electrical wire strain- 
gage types were used. However, for tests at T T. = 0.7^ the gages 
were mounted outside of the tunnel, wrapped in a polyethalene bag, 
and immersed in an ice bath so that the gages could b® kept at a 
constant temperature. 

The instrumentation for the heat-transfer model (shown in fig. I*-) 
consists of 30 gage ( 0.010 inch diameter) thermocouple wire mounted 
on an 0.029-inch- thick skin portion of the nuDdel. The thermocouple 
junctions were made by spot welding individ\ial thermocouple wires on 
the inside surface of the model skin. The thin-skin portion was 
fabricated by milling a groove of O.k- inch- wide in the 1- inch- thick 



- l6 - 


plate as Indicated on figure i|-. The flap was made from 0,050 inch 
stainless -steel plate, A cover was put on the back of the flap to 
shield it from any extraneous back -side heat inputs. 

Test Apparatus and Procedures 

The tests reported in this thesis were conducted in the , Langley 
Mach 8 Variable Density Hypersonic Tunnel, This tunnel operates at 
a nominal Mach number of 8 over a Reynolds number (per foot) range of 
0,80 X 10^ to 12.0 X 10^. A calibration of this facility can be 
found in reference 26 and a further description is given in 
reference 27» Throughout the tests the model was set at 0.5° angle 
of attack resulting in a reinge of local Mach number on the plate from 
about 7-^ to 7*8. 

The pressure tests for T /T. = 0.45 were made with the model 
at essentially room-temperature conditions since the data were taken 
at about 1/2 second after the model was positioned in the test 
section. When the gages were installed inside the model less than 
1/2 second was required for the pressures to reach an equilibrium 
value over the range of test conditions. Equilibrium pressures were 
reached in approximately the same time lapse as for the higher 
pressure range, in this pressure range the size of the gages required 
that they be mounted outside the model (fig. 6). 

Tests conducted at T /T, = 0.l4 were carried out with the model 

w/ t 

cooled by liquid nitrogen. The small hot-wire type gages were mounted 
inside the model - as shown in figure 5 - and were sprayed with liquid 
nitrogen. The leading-edge piece had two passages drilled through it 
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for liquid nitrogen cooling, as shown in figiire 2. The pressure -gage 
eavity (fig* 5) and the flap also were sprayed with liquid nitrogen. 
When the model reached an isothermal temperature, of approximately 
190 *^ R, the model was injected into the tunnel and the pressure data 
were recorded 1/2 second after the model was positioned in the test 
section. The cold wall tep 5 >erature of the model was measured by 
thermocouples mounted on the inside surface of the model at a point 
aft of the leading edge where the skin thickness was approximately 
5/16 of an inch thick. A tight fitting cover was placed over the 
surface of the model dtiring the cool-down period to prevent the 
formation of frost on the model surface. This cover was removed Just 
prior to the injection' of the model for a subsequent test. 

For tests at T /T. = 0.7^, the model was heated, prior to its 
V‘1 % 

exposure to the supersonic stream, to approximately 1000° R by blowing 
heated air over it. The period of model heating was considered com- 
plete when the temperature of the model was close to the adiabatic 
wall tarperature for a laminar-flow recovery factor. During an actual 
test, when the model was in the supersonic stream^ the model tempera- 
ture settled at an equilibrium value which gave a wall to total tem- 
perature ratio of approximately 0.7^* The actual surface test tem- 
perature of the nuDdel ranged from 950° R to 1200° R, from the lowest 
to the highest Reynolds number tests, respectively. The same ther- 
mocouples as described above for the cold-wall tests were used to 
determine the surface temperature of the model for the hot -wall test. 
Data were recorded Just prior to the time when there was a breakdown 
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of the supersonic flow in the tunnel. The length of a test run, up 
to flow breakdown, was approxiniately 6o seconds. 

The heat -transfer tests were made with the model initially at 
room temperature. The model was injected into the tunnel test section 
from a vacuum chamber (fig. 6) which had been evacuated to test 
section stream static pressure. Approximately O.05 second was 
required for the model to leave the chamber and enter the uniform test 
flow region, and the heat -transfer data were taken 1/2 second after 
the model was positioned in the test section. 
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VII . A REVIEW OF THEORETICAL LITERATURE 

The problem of flow separation has been investigated theoreti- 
cally since the time of PrandtlVs early works, published in reference 
28 . In recent times one of the first efforts toward an analysis of 
supersonic separation was made by Chapman (ref . 21) in which, the 
results of his mixing layer analysis (ref. 29) were used. Chapman 's 
analysis represents a limiting case for separation with the assumption 
that the boundary-layer thickness is zero at the point of separation. 

The Karman-Pohlhausen method was used by Gadd, Curie, and 
Savage, in references 50 to 52, respectively, without a great deal 
of success primarily because the assumed velocity profiles in the 
region of separation did not give the reverse flow found in 
experiment. Crocco and Lees (ref. 53) ® semiempirlcal 

method which depends on the rate of entrainment of fluid from the 
external stream into the boundaxy layer. Results from the Crocco-Lees* 
method were only in q^ualltative agreement with experimental data. 

The Croceo-Lees ' method, modified by 'Click (ref. 5^) predicted resixlts 
that were in good agreement with pressure data as obtained from 
experiment. This method uses the concept of the dividing strea m line; 
however, empirical data are required for its application. The 
Crocco-Lees' method was also used by Bray, Gadd, and Woodger (ref. 55) 
and met with reasonable success. 

Tani, in reference 56 , used an analysis similar to that of 
Wieghardt (ref. 37) and Walz (ref, 58 ) in that his solution for an 
attached flow with an adverse pressure gradient used the first moment 
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of momentim in addition to the zeroth moment and continuity equations. 
Tani used a quartic representation for the velocity profiles, however, 
the boundai?y condition which required that the momentum equation at 
the wall be satisfied was dropped. ¥hen this boundary condition was 
neglected the resulting one parameter, which characterizes the family 
of velocity profiles, was not directly related to the static -pressure 
distribution but was directly proportional to the shear stress at 
the wall. Ihe one parameter describing the family of velocity 
profiles was obtained from the simultaneous solution of the zeroth 
moment of momentvua and the first moment of momentum equations. The 
results of Tani's analysis have been found to be in good agreement 
with exact solutions of the boTOdaiy-layer equations. Foots, in 
reference 59 » extended Tani's method by adding the energy equation to 
the continuity and two momentum equations. 

Abbott, Holt, and Nielsen, in reference i|0, studied the separated 
flow problem by using the continuity equation, the zeroth and the 
first moment of momentum equation, and the energy equation with a 
fourth degree polynomial esqjression for the velocity and temperature 
profiles and with one tindetermined parameter per profile. Glie 
resulting separated flow pressure distributions did not have the 
correct trends primarily because of the use of polynomials for the 
velocity and temperattire profiles, lees and Reeves, in reference 
developed a method for the shock -wave boundary-layer interaction 
problem where in the continuity equation, the momentum equation, and 
the first moment of momentum equation are solved simultaneously with 
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a one-parameter family of velocity and enthalpy profiles . Lees and 
Reeves used the Cohen and Reshotko profiles for the highly cooled 
wall cases and added the Stewartson profiles for the adiabatic wall 
cases, as found in references kl and k2, respectively. This method 
gives good agreement with experimental pressure data for both adia- 
batic and cooled walls = 0.6 , however, for the highly cooled 

wall case T /T, = 0.2 and for quantitative heat-transfer predictions 
the method is inadequate . The most promising method for predicting 
both pressure and heat transfer under highly cooled wall conditions 
is that of Holden (ref. 45) who adds the energy equation to the 
conservation of mass and the zeroth and first moment of momentimi 
equations . Holden's method of solution is similar to that of Lees 
and Reeves in that he uses the velocity and enthalpy profiles from 
the upper and lower branches of the Cohen and Reshotko (ref. 4l) 
solution. However, Holden ' s family of velocity and enthalpy profiles 
are determined by two parameters , one of which defines the velocity 
profile and the other defines the enthalpy profile . Both Holden 
and Lees and Reeves in their methods of solution uncouple the boundary- 
layer velocity profiles from the pres sure -gradient parameter associated 
with the Cohen and Reshotko solution. For the Lees and Reeves ' 
method of solution, once the velocity profile is determined there is 
only one enthalpy profile associated with the given velocity profile . 

On the other hand, in Holden ' s method the enthalpy profile is uncoupled 
from both the pres sure -gradient parameter and the velocity profile 
and with inclusion of the energy equation the enthalpy profile 



parameter can be detemined. The results of Holden's method agree 
well with his "highly cooled" wall escperimental heat traixsfer and 
pressure data (ref* ^3)* 
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VIII. THEOBSTICAL APPROACH 

At the time the present experimental tests ■were conductecl, the 
most promising theoretical approach to the flat-plate trailing- edge 
flap problem was the Lees and Reeves' theory of reference 
Consequently, the method of Lees and Reeves ' was programed, for use, 
pn the IBM 7090 and approximately 120 case studies were calculated to 
check for agreement with experimental data. The first set of theo- 
retical ealculations were made for - 1*0, which corresponded 

approximately to the T /T. p: 0.7^ test conditions (appendix A). 
Additional bovindaiy- layer paxameters were calculated for the 
T^^T^ = 0.6 case (appendix B) and the resulting predictions were 
compared with both the experimental pressure and heat-transfer data 
(appendix C) . 

The method of Joining the Lees and Reeves' solution to the 
upstream boundary layer as used herein deviates slightly from the 
method indicated in reference In order to apply the Lees and 
Reeves' theory the bovmdary layer upstream of the Lees and Reeves' 
interaction region was calculated. This upstream boundary- layer 
calculation took into account the favorable pressure gradient due 
to the induced boxindary- layer effects. The value of momentum 
thickness, from the resiilts of the upstream boundary-layer calcu- 
lation, was matched to the Lees and Reeves' value of momentum 
thickness at the beginning of the interaction region) where this 
location for the start of the interaction region (from the upstream 
solution) was taken from experimental pressure data. The method of 
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matchirig the momentum thickness of the upstream solution to the Lees 
and Reeves' solution ms used because the complete Lees and Reeves' 
solution, from the beginning of the Interaction to the undisturbed 
flow downstream of the reattachment point, could not be matched to 
the physical size of the model. Specifically, the cale^^latlon from 
the hl 3 ige line through reattachment and downstream to a point where 
the solution reached a Blaslus type of flow yielded a streamwlse 
X- distance greater than the 2- Inch-long flap of the model. !Kie 
calculations made by using the Lees and Reeves' theory were done with 
the Intention of predicting the Initial shape of the pressxire curve 

and the level of the plateau pressure. For the initial 120 cases for 
T It. = 1.0 and T iT. = 0,6, only the region from the beginning of 

w/ "v W/ % 

the interaction to the point of shock impingement ms calcvilated. 

The details of the Lees and Reeves' calculations are given In 
appendixes A and B. 

Upstream Boxmdary-Layer Calculation 
The locally similar solutions of Beckwith and Cohen (ref. 25) 
were used to calculate this upstream botindary layer with a pressiore 
gradient. The boundary- layer equations, in the similarity coordi- 
nates, with the slmplifyir^ assumptions of constant c and pp. 

Ir 

and with p^ = 1.0, reduce to 

ff " + ff> I + 8(? - f'^) ;= 0 


( 1 ) 
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aad 

C” + ft' * 0 (2) 

where the notation is that of referenee 25. 

The local external flow properties for the ^q)6tresu)l houndary- 
layer solutions were calculated from the induced pressure effects 
for the case of weak interaction from the theory of Bertram and 
Blackstock found in reference The equation for the induced 
pressure (at 7 = l.^O) is 


where 

a = O.T 




and 


where 



The local values of Mach number, temperature, velocity, and local 
Reynolds ntamher per foot at the edge of the boundary layer were 
computed from 
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Me 49.1^ (6) 

and 

R/ft = 

for y a 1.4o, Thus, with local conditions external to the boundaiy 
layer calculated from equations (5) to (?)> the upstream boundary 
layer was obtained from a numerical solution of equations (l) and (2) 
at 55 points along the flat plate. 

The Lees and Reeves’ solution between the beginning of the 
Interaction region and the shock Impingement point depends only on 
the separation point value of the transformed displacement thickness, 
assumed local conditions at the edge of the boundary layer, and 
the previous upstream history of the boundary layer. Therefore, the 
Lees and Reeves’ solution, as calculated for a shock- wave boimdary- 
layer interaction, may be readily applied to a flat plate with a 
trailing- edge flap, from the beginning of the interaction region to 
the vicinity of the hinge line. 
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The regions froia the shock impingement point to 'beyond, the 
reattachment point, for the case of a shock-wa've boxuidaxy-layer 
interaction, are analogous to certain regions for a trailing-edge 
flap configuration if the wedge angle of the shock generator is half 
the flap angle since the final total compression angle of the inviscid 
flow then would be the same for the two configurations. The corre- 
sponding assumed flow models for the shock- wave boundary- layer 
interaction and for the flat plate with tralilng-edge flap are shown 
in sketch 1. For the shock-wave boundary-layer interaction a fluid 
element external to the boundary layer and moving parallel to the 
plate surface turns through an angle of 5^^2 as it passes thro\;igh 
the impinging shock wave. The same fluid element external to the 
boundary layer is turned again by an angle of as it passes 

through the reattachment compression fan and then moves downstream, 
parallel to the plate surface . For the flat plate with a trailing- 
edge flap the fluid element external to the boundary layer is turned by 
an angle of 8^ as it passes over the flap and through the reattachment 
compression fan. Thus if the shock generator angle is taken as half 
of the flap angle the external flow for both conditions will 
experience the same total compression angle and will have a similar 
static-pressure history, over the surface, as is shown in part c of 
sketch 1. In the flow models assumed for both configurations, the 
increase in entropy along the edge of the boimdaiy layer is neglected j 
that is, the compression is assumed to occur throtigh a series of weak 
waves rather than by one strong shock wave. 
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Procedure Used for Application of the 
Lees and Reeves ' Theory- 

In figure 7 the experimental values of the beginning of the 
interaction region, as taken from measured pressure distributions, 
are sho-wn for three different wall to total temperature conditions. 

The beginnii^ of the interaction region, (x/l)^, is selected’ as the 
point where the pressure begins to rise above the undisturbed upstream 
values due to the adverse pressure gradient feeding forward from the 

flap. At this (x/L) location the Lees and Reeves' solution is 

o 

joined, to the upstream boundary-layer solution. The upstream 
boupidary-layer momentum thickness is shown in figures 8 and 9 ^or 
a plate 10 inches long at values of T /T. = 1*0 and T /T. =0,6, 

VI V Vj Tf 

respectively. The calculations for figures 8 and 9 were made for a 

6 6 

unit Reynolds number range of 0.22 x 10^ to k.3 x 10 per foot. 

(The Mach ntimber and unit Reynolds number actually varied slightly 

along the plate according to the weak interaction equations . ) The 

value of the momentum thickness at the beginning of the interaction, 

0 , from the Lees and Reeves ' solution and for the various test 
o 

Reynolds numbers, is plotted against the assumed local Mach number 

at the point of separation, (Me) , as sho-wn in figures 10 and 11. 

Specif ic cases were calculated using the Lees and Reeves' theory for 

6 1 6 

unit Reynolds numbers of 0.22 x 10 to 4.5 x 10 per foot, and local 

Mach numbers at separation from 6.5 to 7-5 at 0.1 intervals in (Me) . 

s 

The -undisturbed flat-plate Mach number was varied from 7-^ to 7«8 to 
correspond to the change in the test -section Mach number with the 



- 29 - 

change in free-stresm unit Reynolds number. Typical plots of pressure 
against x from the beginning of the interaction region are shown 
in figure 12 for various values of unit Reynolds number and for 
T It. » 1.0 and 0.6. 

The first step in the application of the Lees and Reeves* theory, 
as used in this thesis > was to obtain, from figure T> for a given 
T /t, and unit Reynolds number, the (x/l) value for the beginning 
of the interaction. This value of (X/L)^ is then used to find the 
value of the momentum thickness at the beginning of the interact ion, 
9^, for the upstream solution, from figures 8 and 9. This value of 
9^ is then used to enter figure 11 or 12, at the given 
R values, to obtain the corresponding value of (Me) which, in 
turn, is used to specify the particular Lees and Reeves* solution and 
pressure distribution for the given test conditions. 

The technique for selecting the particular solution to be used 
is best illustrated by following the dashed line in figure 11, In 
this instance the flat-plate value of momentum thickness is 

P-5 6 

0.20 X 10 ft and the ionit Reynolds number is 0.65 x 10 per footj 

this gives a value of (Me) = 6.6kl. Rather than calculate a new 

solution for this value of (Me) the solution used for a comparison 

s 

with the experimental data was selected to correspond to (Me)_ =? 6.6, 

& 

that is, to the left of where the dashed line in figure 12 strikes 
the abscissa. 

It can be seen in figure 12, for ail values of unit Reynolds 
number, that as the Mach number at separation increases, the rate of 
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the pressure increase (with distance) decreases, for a sizable (x/l') 
distance, before the pressure begins to climb toward a plateau value. 
This slow rate of increase in pressure occurs in the region between 
p/p^ 1.00 and p/p^ =^1,10} this loakes it difficult to determine the 
begiiming of the interactibn region. For the purpose of comparing 
theory with experimental data, this difficulty was overcome by 
linearly extrapolating the slope of the curve at p/Pq = 1.10 to the 
abscissa as is shown (typically) by the dash-dot line in figure 12 for 
R s: 0-22 X 10^ per foot and (Me) = 6.8. The point where the extrapo- 
lated lines crossed the X/L* axis was considered to be the theoretical 
point for the beginning of the interaction region; this was matched 
to the experimental value of the beginning of the Interaction region. 
Thus the theoretical and experimental techniques of determining the 
beginning of the interaction region were consistent, in that both 
methods used a sudden pressure rise to define the beginning of the 
interaction region. (The experimental technique for determining the 
beginning of the interaction region has been previously discussed 
with figure 7* ) 

It should be noted in figure 12 that at the separation point - for 
the =0.6 case - the pressure ratio curves have a distinct 

discontinuity in slope. When the theoretical curves were compared 
with the experimental data the discontinuities in slope were faired 
to give a smooth pressure rise. The reason for the discontinuity in 
the slope of the pressure curves at the point of separation is 
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■believed, to be due to the change in slope of the separated and 
attached prof ile parameters (see appendix B) upstream and dovnstream 
of the point of separation. 

In figure 15 a con5)arison is shown between the growth of the 
momentiam and displacement thicknesses for the upstream similar 
solution boundary layer, and for the downstream Lees and Reeves ' 

g 

solution, at a unit Reynolds number of 0.22 x 10 per foot. The 

upstream boundary layer is joined to the Lees and Reeves' calculation 

at an X/L value of 0.515* It can be seen that both the momentxm 

thickness and the displacement thickness match at the point where the 

two solutions are joined. The results of tbe typical calculation, 

shown in figure 15 , indicate that the momentum thickness changes less 

than the displacauent thickness in the presence of an adverse pressure 

gradient for the interaction and separated regions, 

Plots of local Mach number at separation versus the plateau 

pressure, as obtained from the Lees and Reeves' theory, for unit 

6 6 

Reynolds numbers from 0.22 x 10 to 5 X 10 per foot, are shown 
for T^|T^ =s 0.6 and 1,0 in figures l4 and 15, respectively. The 
Lees and Reeves value of the plateau pressure was taken from theo- 
retical T It. = 0.6 and T /T. = 1.0 curves of figure 12. The 
w( t w| t 

dashed lines represent the theoretical values of plateau pressure, 
based on the experimental value of the beginning of the interact ton 
as found in figure 7. In addition to figure 7, figures 8 through 11 
were used to obtain the proper value of the local Mach number at 
separation (as discussed previously) for the dashed lines of figures 
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ll4- and 15 . The predicted values of plateau pressures in figures Inl- 
and 15 are confined to a narrow hand which decreases steadily with 
an increase in unit Reynolds number , 
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IX, fESI RESULTS 
Transition Point Data 

Transition can affect the extent of separation as well as the 
pressure levels assoeiated with separation} therefore, the location 
of transition on the model was studied in order to determine at what 
unit Reynolds numbers trams it ion beginE, and the location of its 
beginning. 

The location of the transition point was determined from heat- 
transfer data obtained by setting the flap at a zero angle of deflec- 


tion and testing the heat -transfer model as if it were a flat plate. 
These heat-transfer data were plotted along the length of the model 
in terms of the Stanton number times the square root of the local 
Reynolds number (St ^Re ) . It Is known that the value for the 

A 

undisturbed laminar boundary layer over a flat plate of St /Re is 
approximately 0.400. The point at which this flat -plate heat -transfer 
data began to rise above the 0.40 value of St JRe was taken as 


the location for the beginning of transition. A summary of these 
flat -plate transition data is shown in table I. 


TABLE I. - FLAT-PLATE TRANSITION POINT DATA 


Unit Reynolds 
number (per foot) 

2.65 X lOg 
5 • 45 K iSg 
4.5 X lOg 
10.9 X 10 


Distance from 
leading edge to the 
transition point (in) 

9.0 

8.0 
7.5 

5*5 


Local transition 

Reynolds nvtmber (Re ) 

X 

1-99 X lOg 
2,30 X lOg 
2.69 X lOg 
5.28 X 10 



The effect of flap deflection is to increase the local Reynolds 
number slightly in the separated region and to a larger extent on the 
flap. For example, at a xinit Reynolds number of l.h6 x Wr per foot 
the heat-^transfer data for 6^ = 0° indicate no transition on the 

6 ' 

plate. For the test at the same ynlt Reynolds number (R * 1.^6 x 10° 

per foot) with a 50° flap deflection (5^ « 50 ^) '^be pressure will 

increase over the entire flap, with a peak increase of a factor of k, 

over the flat-plate value, occurring near the trailing edge of the 

flap. This increase in pressure on the flap should give a high enough 

unit Reynolds number to catise transition to occur in the separated 

region in the neighborhood of the point of reattachment , In addition 

to the pressure disturbance that the flap causes, the very natiire of 

the separated shear layer would also increase the possibility Of 

transition. Becker and Korycinski (ref. 22) foxind that in the presence 

of extensive separation that the transition Reynolds number (based 

on free-stream conditions and distance to transition point) was less 

by a factor of approximately 4 than the transition Reynolds number 

for which there was no separation. Futhermore, the separated shear 

layer could be considered analogous to a wake flow which is Inherently 

unstable and will give earlier transition than would be expected for 

a given unit Reynolds number. Thus it can be seen that even though 

transition first occirrs on the flat plate at a unit Reynolds number of 

, 6 

2.65 X 10 per foot that when there is extensive flow separation 
transition can occur in the separated layer at a lower unit Reynolds 


number. 
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The effect of the deflection of the flap on the location of the 

point of transition is shown hy a comparison of the apparent loeatlon 

of transition (for a iinit Reynolds number of 2.65 x 10° per foot) for 

the «= 0° and 5^, - 50^^ eases. The 6^ s? 0° case shows, from 

Table I, that transition is 9 Inches from the leading edge; while the 
o 

- 30 case shows , from heat-transfer data, that transition in the 
separated region has itioved forward to 7- 75 inches from the leading 
edge . The local Reynolds number at transition based on these X 
lengths for the 6^ = 0° and 8^ = 30° configurations are 1-99 X 10^ 
and 2.148 X 10^, respectively. The Reynolds number for the 5^ - 30° 
case was based on a measured pressure in the region of separation. 

The determination of the exact point of transition on the flat- 
plate model with a trailing-edge flap deflected is quite difficult 
due to the complex flow field which is present . If transition occurs 
on the flap of the model it is very difficult to determine where 
transition occurs, from the heat-transfer data, due to the rapid rise 
in the heating rate on the flap. If transition occurs upstream of 
the hinge line, in the separated flow region, the location of the 
actual point is further complicated by the low heating rate and the 
reverse flow in the separated region. In general, the trend, by all 
test methods (oil flow, pressure, and heat transfer), is that the 
flap deflection will increase the local Reynolds number and will, in 
turn, move the transition point upstream. 
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Room-Temperature Wall-Pressure Tests 

The pressure tests with the wall at room temperatxire were run 

with the model shown in figures 1 and 2. The results of the preBsure 

tests, for ® 0A3 at flap angles of 10°, 20°, and 50° are 

shown in figures l6(a), l6(b), and l6(c) for a Reynolds number per 

6 6 

foot ranging from 0.22 X 10 to 4.3 x 10 . The results from tests 
run with side plates are shown In figure l6(d), for flap angles of 
10°, 20°, and 30°, and Reynolds numbers per foot of I.06 x 10^ and 
2.o5 X 10 • The pressures, from figure 16, have been ratioed to the 
measured pressure at the beginning of the interaction region. All 
the pressure data in figure 16 are compared to the Lees and Reeves' 
theory (ref . 4) for a ~ 0.6, and with the beginning of the 

interaction region determined as described in the Theoretical Approach 
section. The agreement between experiment and the Lees and Reeves' 
theory is, in general, good for the range of xmit Reynolds numbers of 

6 fi 

Q.22 X 10 per foot and 1.46 x 10° per foot. The test in this 
Reynolds number range are in a flow regime where the separation plateau 
pressure level is not strongly affected by transitional effects, as 
was noted in the previous section in which transition on the flat 
plate model did not occur until a unit Reynolds number of 2.65 X 10 
per foot. It was also pointed out in the previous section that 
undoubtedly transition ms occurring in the separated shear layer at 
unit Reynolds numbers lower than 2.65 X 10 per foot due to the flap 
disturbance and the inherent instability of the separated shear layer. 
Even though transition is undoubtedly occixrring in the shear layer for 



- 37 - 


/- 6 

tests run at \uiit Reynolds ntunbers less than 2.63 x 10 P®^ foot the 

point of transition is far enough dovnstream (over the flap) that it 

will not affect the laiqinar plateau pressure distrihution hut will 

have an effect on the extent of the separation. When the transitional 

6 

effects become more pronounced at unit Reynolds nimibers of 2.65 x 10 

6 

per foot and 4.5 x 10° per foot (see previous section) the Lees and 

Reeves ’ theory tends to undei^redlct the level of pressure due to a 

rise in the pressure above the laminar plateau value in the area of 

transition. The rise in pressure when transition occurs in the 

separated region was previously noted by Chapman, Kuehn, and Larson 

in reference 21. The location of the point of transition on a flat 

plate has been previously stated to be at 9*0 and 7*5 inches from the 

leading e<3ge for unit Reynolds numbers of 2.65 X 10 per foot and 

6 

4.3 X 10 per foot. For the tests at a unit Reynolds n\3mber of 

2.65 X 10^ per foot, in figxxres l6(a) through l6(d), the rise in 

pressxire above the laminar plateau value occurs at approximately 9.O 

inches from the leading edge, with higher flap angles (particularly 
o. 

30 ) having the pressure rise above plateau value start at a more 

upstream position than the lower flap angles. For the tests at a 

unit Reynolds numtber of 4.3 X 10° per foot in figures l6(a) through 

16(c) the separation is all turbiilent becavise the transition point 

is upstream of the point of separation, thus no agreement would be 

expected at R = 4.3 x 10° per foot with the laminar theory of Lees 

and Reeves. The side plate data in figxire l6(d) at a unit Reynolds 
/- 6 

number of 1.06 x 10 per foot show that as the flap angle increases the 
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level of plateau pressure also increases and tiie Lees and Reeves' 

theory tends to slightly underpredict for the 20° and 30° flap angles, 

as was the case with no side plates. A comparison between the 

6 

6 ^ s» 50°, R 2.65 X 10 per foot cases in l6(c) and l6(d) shows that 
the extent of separation is' greater for the side-plate tests. ]n 
general, the addition of side plates Increases the extent of separa- 
tion for all flap angles and flow conditions, fhe pressures measiired 
upstream of the separation interaction in figures l6(a) to l6(d) agree 
well with the viscous interaction theory Of Bertram and Blackstock 
(ref. 44). The theoretical viscous interaction curves shown are 
ratioed to the theoretical pressure level at the beginning of the 
Interaction. 

Figure 17 shows the schlieren photographs for tests at a 

T^/T^ = 0 . 43 , at flap angles of 10°, 20°, and 50°, over a Reynolds 

6 6 

number per foot ranging from 0.22 x 10° to 10. 9 x 10°. These pictures 
were used to determine the angle of the leading-edge shocks , the 
separated layer shock, and the deflection angle of the separated 
boundary layer. In addition, the pictures were used to deteimiine the 
separation point - based on the location where the separation shock 
wave intersects the boundary layer. These measurements of the 
separation point were found to be in good agreement with oil-flow 
separation point data. 

Figure I 8 shows the room-ten^jerature wall-pressure distribution 
(ratioed to the plate static pressure) as calculated for the inviscid 
flat plate model set at 1/2° positive angle of attack. The pressure 
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ratios are shown In figures l8(a), iBCh); and l8(c) for flap angles 

of 3^ f 20°, and 10°, respectively, and for Reynolds numbers per foot 

6 6 

varying from 0,22 x 10° to IO.9 x 10°. The side plates presswe data 

aro also shown In figures l8(d) and l8(e) for flap angles of 50 °, 20°, 

and 10 , The Separated layer oblique shock theoiy In figure 18 was 

calculated from the apparent measured flow deflection angle above the 

separated layer (fig. 17) and based on the value of Mach number ahead 

of the interaction region. The value of Mach number ahead of the 

interaction region was calculated from the measured value of the 

leading-edge shock angle, above the interaction region, and the free- 

stream Mach number . All oblique shock parameters were taken from 

reference Also plotted in figure 18 are the values of the 

beginning of the interaction, X^j the separation point X^j and the 

reattachment point, X^. The values of the separation point and the 

reattachment point (fig. 18) were taken from oil- flow studies. G?he 

beginning of the interaction region is taken from the expanded plots 

of pressures - in the area of the plateau and interaction region - as 

has been previously discussed in the Theoretical Approach section. 

The separated layer oblique shock values of pressure agree, for the 

most part, with the measured pressure plateau values with the 

exception of a few of the lower unit Reynolds numbers where the shock 

pressures tend to slightly overpredict the measured values. 

The peak pressxire ratio in figure l8(a) for the 30° flap at 
6 

R =5 10.9 X 10° per foot. Is 29.6 compared to the inviscld flap 

6 

oblique shock value of 28.h. For R = ^.3 x 10 per foot the peak 
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value is 4l.8 cpmpared to the invlseid, value of 28.3} and for 

6 

R » 2.65 X 10 per foot the peak value is 44,8 -which is an increase of 

approximately 58 percent over the inviscid value. The reason that the 

measured peak pres svire exceeds the inviscid shock pressure is because 

of the q.uasi-isentropic compression -which occurs through a series of 

waves rather than through a single shock. In figure l8(b) a similar 

trend can be seen where for the 20° flap, with the highest unit 

6 

Reynolds number of 10. 9 x 10 per foot, the value approaches the 

inviscid value of l4.2> while at the Reynolds numbers per foot of 

6 6 

4.5 X 10 and 2.65 x 10^ the peak press-ure rise increases to a level 

above the inviscid value with a decrease in unit Reynolds number. The 

reason for this phenomenon is again a quasi-isentropic compression 

through a series of waves rather than a single shock. In figure l8(c) 
o 

for the 10 flap, the peak pressure rise has a similar trend as that 
exhibited in figures l8(a) and l8(b), for the 50^ and 20° flap, only 
to a much lesser degree. 

The tests made with side plates are sho-ym in figirres l8(d) and 
18(e) and are compared with similar ryms made with no side plates. 

The tests for the 30° flap, with side plates, (fig. 18(d)) show that 
the pressure ratio in the plateau region is higher for the riins with 
side platesj and also, that the extent of separation is greater with 
the side plates as compared to the runs with no side plates. The 
side-plate data in figure l8(d) , in general, indicate a slower rise to 
the peak pressure value on the flap. This lag in pressure rise, on 
the flap -with side plates^ is due primarily to the thicker separated 
boundary layer} this in turn causes a lag in the turning of the flow 
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a direction parallel to the flap. The side-plate data for the 
20° and 10° flap angles (fig. 18 (e)) again ealiihit a greater extent 
of separation than the no-side-plate data and; in general; lags the 
no-side-plate data in the rise on the flap to the peak pressure valixe 
In figure 19 the nieasiired values of flow deflection angle t 
from the plate surface; due to the flow separation; and the resulting 
obliq,ue shock angle Qg are plotted against unit Reynolds number. 

The angles were measured from the schlieren pictuires of figure 17 
(see sketch 2 for a description). 



from figure 19 it can be seen that for a given free-stream unit 
Reynolds number the flow deflection angle, and the corresponding 
shock-wave angle, decrease as the flap angle decreases. Figure 19 
also shows that as the unit Reynolds number decreases the flow deflec 
tion and the corresponding shock angle increase. The reason for this 
increase in flow deflection angle, with a decrease in unit Reynolds 
number, is due to the increase of the rate of growth of the displace- 
ment thickness with a decrease in unit Reynolds number. For example, 
from the Lees and Reeves ' calculations , at unit Reynolds numbers of 
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6 6 6 

0,22 X 10 ; 1.06 X 10, and x 10 per foot, the linear rate of 
growth of the displacement thickness (d5*/<^) over the separated 
region Is 0.119^, O.O65, and 0.0ii-l4, respectively. Thus It can he seen 
that the results showp In figure 19 are consistent with computed 
houndary-layer growth from the separated flow analysis of Lees and 
Reeves, 

A comparison of the plateau pressure obtained from oblique shock 

theory applied to data of figure 17, the Lees and Reeves' theory, and 

measured static pressure values (for no side plates) Is shown In 

figure 20. The comparison Is made for flap angles 10°, 20°, and 30° 

6 6 

and fon unit Reynolds numbers varying from 0.22 x 10° to ^,5 x 10 
per foot. The oblique shock curves In flgwe 20 are faired curves 
taken from another plot of the IndivldiJal data points. These faired 
oblique shock curves deviate approximately 2 percent from the indivi- 
dual data points. The oblique shock plateau pressures were calculated 
from the flow deflection angles (figure 19 ) and the local value of 
Mach number just upstream of the Interaction point, The local Mach 
number was calculated from the leading-edge shock-wave Inclination and 
the free-stream Mach number, The Lees and Reeves' prediction for the 
plateau pressure ratio for flap angles of 10°, 20°, and 30° was taken 
from figure 1^ for the various unit Reynolds numbers. The measured 
plateau pressures for flap angles of 20° and 30° were taken from the 

plotted data of figure 16. No experimental plateau pressures for a 
o 

10 flap angle are presented since the short length of separated flow 
region was so short In length that a pressure plateau could not form. 



The plateau pressures of figure l6 have been ratioed to the pressure 
at the heginning of the interaction to describe a (p/pq)^^^ value. 

In general, the oblique shock value of plateau pressure is higher 
th«uj the measured value and the Iiees and Reeves* value is slightly 
lower. The difference in the Lees and Reeves’ value of plateau 
pressure between figvure l6 and figure 20 lies in the fact that the 
plateau pressures for figure 20 are taken from figure 14- for an exact 
value of (Me) ..while the plateau pressure in figure l6 was taken 
from figure 12 for a nominal value of (Me)„ based on the method 

' p 

discussed in the Theoretical Approach section. 

Surface 011-Flow Studies 

The pressure model (fig, l) was used for the oil-flow studies 
and was tested with and without side plates. Prior to making an 
oil-flow test a pattern of drops, consisting of an oil- lamp black 
mixture, was placed on the surface of the plate as shown on the left 
in figure 21. The viscosity of the oil was increased with increasing 
unit Reynolds number in order that a flow pattern could be established 
in approximately the same length of time for all runs. The model was 
rapidly injected into the wind tunnel’s airstream; as soon as the 
rearward movement of the oil drops stopped the model was retracted 
from the stream. The temperature of the model in the area of separa- 
tion varied from approximately 90*^ F to 100° F for all the oil-flow 
tests. This temperature was measured with a thermocouple located 
8 inches downstream from the leading edge, on the inside surface of 
the model, at an area where the skin is approximately 5/l6 of an inch 



■thick, The oil drops were placed on the model prior to the runj 
a picture was taken of the oil dots in the undisturhed posit ion, and 
then tnimediately after the run a second picture was taken of the oil- 
flow pattern. These pictures were used as a means for determining 
the location of the separation point. A typical oil-flow pattern is 

6 

shown in figure 21, for a free-stream unit Reynolds number of ^(-.5 X 10 
per foot and a flap angle of 20*^. It can be seen from these oil-flow 
photographs that the surface streamlines are parallel to the Inviscld 
flow before the interaction region; however, in the reverse flow 
region the surface oil flow shows the streamlines diverge (outward) 
indicating that the surface flow is three dimensional in nature. The 
use of the side plates considerably reduced the divergence of the flow 
in the separated region. 

The viscosity of the oil for each Reynolds number and flap angle 
could not be chosen so as to insure a clear and distinct pattern of 
oil flow in the separated region for each run. For the majority of 
runs the oil droplets in the reverse flow region were displaced to 
some extent toward the separation point due to surface shear. Any 
movement of the oil drops could be detected by superimposing the 
negatives taken before and after the riui. The use of this oil-flow 
evalmtion teehniq.ue was extremely helpfixL in determining the location 
of tha point of separation. In figure 21 this point is Indicated by 
arrows. 

A comparison between the separation point location, as indicated 
by the oil- flow pattern and as obtained from schlieren photographs, 



shows good a^reemejit when the schlieren separation point is chosen at 
the intersection of the shock wave from the separated layen and the 
apparent outer edge of the boundary layer. 5toe difference between the 
oil flpw and the schleiren separation-point locations , for the 50° 
flap and over the Reynolds number range, was a most 1/8 inch. Similar 
agreement va.s found for the 20° and 10° flap angles for Reynolds 
numbers above 0,4 x 10° per foot and 1.0 X 10° per foot, respectively . 

The types of flow separation are classified in reference 21 into 
three distinct regimes: (l) "laminar," in which transition occurs 

downstream of reattachment, (2) "transitional," in which transition 
occurs between separation and reattachment, and (3) "turbulent," in 
which transition occurs upstream of separation. In an effort to show 
theoretically the effect on the movement of the point of separation 
with an increase in unit Reynolds number in a regime where the separa- 
tion is purely laminar, calculations were made using the laminar 
separation theory of Lees and Reeves (ref. 4). The calculations 
(table II ) using the Lees and Reeves' theory, were made for a constant 

local Mach number at the point of separation and the unit Reynolds 

6 6 

number was varied from 0,22 x 10° per foot to 2.65 x 10° per foot. 



TABLE II.- EFTBCT OF UNIT BEOTOLDS NUMBER ON THE EXTENT OF 


THEORETICAL LAMINAR SEPARATION 
(Constant (Me Lees and Reeves' Solution) 


Reynolds number per foot 

0.22 X 10^ (0.T2 X 10^/m) 
0.29 X 10 (0.95 X 10 /m) 

0.42 X 10^ (1.58 X 10^/m) 
0.65 x10 (2.15 X 10 /m) 
1.06 X 10^ (3.48 X lO^/m) 
1,46 X 10^ (4.79 X lO^/m) 

2.65 X 10^ (8.69 X 10^/m) 


Distance from leading edge to beginning 
of interaction region (inches) 


9.5 

(.2411 m) 

5.75 

( ,l460 m) 

5.35 

( .08508 m) 

1.65 

(,04 i 90 m) 

1.00 

( . 0254 m ) 

0.55 

(.01398 m) 

0.25 

(.00633 ®) 


The distance from the leading edge to the beginning of the inter- 
action region in table II was determined by matching the value of 
displacement thickness from a flat-plate local similarity solution to 
the value of displacement thickness at the beginning of the Lees 
and Reeves' solution. The results of 'the laminar theory in table II 
show that as the unit Reynolds mmiber increases, the interaction 
region and, in twn, the separation point move upstream. The resvilts 
from an experimental investigation by Miller, Hijman, and Childs 
(ref. 16), in which all the data presented were for pture laminar 
separation, showed that as the Reynolds number increased (up to a 
value of approximately 1 X 10^ per foot) the separation point moved 
upstream. Thus both t^iso^^tical and experimental evidence show that 
for piire laminar separation the point of separation moves upstream 
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with an increase in unit Reynolds number. On the other hand, the 
experimental data of Chapman, Kuehn, and Larson (ref. 21) showed that 
at Mach numbers from 2.7 to 5.5, when the separation went from a pure 
laminar separation to transition separation, the point of separation 
moved downstream. Chapman,- Kuehn, and Larson's data also showed that 
a further increase in the unit Reynolds number caused the separation 
to hecome turbulent and the separation point moved further downstream, 
Recher and Korycinshi (ref, 22) showed the same effect on the move- 
ment of the point of separation with a change in unit Reynolds number 
for laminar, transition, and turbulent separation as was found in this 
thesis and as was found in the work of Miller, Hijman, and Childs 
(ref. 16) and Chapman, Kuehn, and Larson (ref. 21). Prom the above 
experimental evidence it appears that for transitional separation 
the separation point moves downstream with an increase in unit 
Reynolds number and for laminar separation the movement is in the 
upstream direction for an increase in unit Reynolds number. 

The distance from the leading edge to the point of separation, 

as obtained from oil-flow data, is shown in figure 22 for free-stream 

6 6 

unit Reynolds numbers from 0.22 X 10° to 4.5 X 10° per foot for flap 

angles of 10°, 20°, and 50°, and for the studies with and -without side 

plates. The resiilts show that the separation point moves forward 

appreciably as the flap angle is increased and generally moves forward 

as the unit Reynolds increases - -iq) to a value of approximately 
6 

0,8 X 10° per foot* At the lower Reynolds numbers (up to 
R *= 0.4 X 10^ per foot), for the 10° and 20° flap angles, the rearward 
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movement of the separation point with increasing Reynolds nimiher is 

attrihwted to the fact that the thick shear layer at the edge of the 

separated flow passes well shove the lappermost portion of the 

(2-inch’»long) deflected flap. An examination of the schlieren 

photographs (fig. 17 ) showd that when the shear layer was deflected 

upward by the flap, the separation point began to move fonra-rd (for 

laminar separation) on the plate with Increasing Reynolds nmber, 

as was noted for the 30° deflected flap. The laminar separation data 

in reference 16 , at free-stream Mach numbers of 13 and 16 , clearly 

indicate a forward movement of the separation point with an increase 

in unit Reynolds number as discussed in the previous paragraph. It 

can be seen in figure 22 that for all three flap angles the separation 

point begins to move to the rear of the plate at a unit Reynolds 

6 

number of approximately 1.0 x 10 per foot. This reversal in the 
trend of separation point movement is attributed to the effect of 
boundary-layer trensition from laminar to tiirbulent flow occurring in 
the region of separated flow. For these data it is apparent that 
separation, up to a unit Reynolds number of approximately 1.0 x 10 
per foot, gives laminar separationj and for a unit Rejmolds number 
above approximately 1.0 x 10° per foot the separation is transitional 
independent of the extent of separation and flap angle. A similar 
rearward movement of the separation point due to a transition to 
twbulent flow in the separated region was found in reference 21 at a 
Mach number of 2.7, as discussed in the previous paragraph. In 
figure 23 the results of an oil-flow study to determine the 
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reattachment point on the flap are shown. !The reattachment point 

clearly poves toward the hinge line as the Eeynolds numher increases. 

The location of reattachment on the flap, for a given unit Reynolds 

number; varies only slightly with a change in flap angle, It is only 

6 

at a unit Reynolds number of 1,06 X 10° per foot that there is any 
appreciable change in the point of reattachment with a change in flap 
angle. This change in the point of reattachment - at a unit Reynolds 
number of 1.06 x 10 - Is attributed to a delay in the transitional 

effects with a decrease in flap angle. The solid lines in figure 25 
are the predicted reattachment points as obtained from a linear 
ejctension of the dividing stteamline from the point of separation 
(fig, 22) to the flap at an angle etual to the flow deflection angle 
of f igiire 19 , "Ihe eaqperimental data points are further downstream 
from the hinge line at the lower unit Reynolds numbers than the values 
based on the linear extension of the Initial flow deflection angle. 
This indicates that the dividing streamline curves upward as it moves 
downstream from the point of separation. 

In figure 2^ the pressure ratios, at the reattachment point on 
the flap, are plotted against Reynolds number per foot. For a given 
unit Reynolds number the level of pressure increases with an increase 
in flap angle, as would be expectedj however, the reattachment pres- 
sure levels are considerably lower than the obliq,ue shock inviscid 
pressure levels. The reason that these reattachn^nt pressure levels 
are so much smaller than the Inviscid obliq.ue shock values is that at 



. 50 - 

the point of reattaohment the invlscld stream has not yet turned 
parallel to the flap and the con|presslon process is just starting. 

ChapmsJi's analysis for the reattachment pressiire rise - as set 
forth in reference 21 -« gives a constant value of (p/Pq)^ of 
approximately 7-0 for the nominal Mach number of these tests . These 
data show that the reattachment pressure ratio is a strong auction of 
Reynolds number and flap angle. 

Wall-Temperature Effects 

In order to determine the wall-temperature effect on separation; 
experimental tests were conducted at wall to total temperattire ratios 
of 0.1^; 0.^5^ and 0.76. Figure 25 shows the measured flat-plate 
static pressure; 5 inches aft of the leading edge; ratioed to the 
theoretical inviscid flat-plate static pressure at l/2° positive 
angle of attack; and the theoretical viscous interaction pressure 
effects of Bertram and Blackstock (ref. 44) for T^^37^ * 0.l4, 0.45; 
and 0.7^. The results in figure 25 show that the T /T. =s 0.45 and 
0.74 pressure ratios decrease with ah increase in t«xit Reynolds 
number and most of the measwed pressure ratios tend to underpredict 
the theory by approximately 10 percent. The pressure data at 

T^ - 0.l4 at the two lowest xjnits Reynolds numbers (r = 0.29 x 10 

6 

and 0,42 X lO'^ per foot) considerably underpredict the theory ’sdxile the 
remaining values of pressxire ratio at the hi^er Reynolds nxaabers 
still underpredict the theory but only by approximately 10 percent 
or less. The large discrepancy between data and theoiy; for 
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= 0.1^> at the twp lowest unit Reynolds nujribers may be caused 
by a shift in the gage calibration due to a ten^erature effect on the 
"hot-wire” gage. In spite of the possibility of a shift in calibra- 
tion, which would cause an error in the absolute value of the measured 
pressure, the pressure-ratio (p/Pq) distribution over the model 
Should be reasonably accurate. 

The experimental pressure tests, conducted at - 0,1^, 

0,^5, and 0.7^, are shown in figures 26 through 31, The measured 
pressures for the three wall temperatures have been ratioed to the 
measured pressure at the beginning of the interaction region. The 
pressure data in figures 26 to 31, for the temperature ratios of 
0.45 and 0.74, are compared to calculations based on Lees and Reeves' 
theory for wall conditions of 3!^^T^ - 0,6 and l-O; 

respectively. In addition, pressure distributions, based on the 
flat-plate viscous Interaction theory of Bertram and Blaehstock 
(ref, 44), are ealculated (and plotted) for wall to total temperature 
ratios of 0,43 and 0,7^* 

The wall-tempe nature effects at 6^ =* 10°, in figure 26, show 
good agreement with the Lees and Reeves' theory for unit Reynolds 
numbers of 0,42 x 10^ to 1,46 X 10^ per foot. The effect of 
Increased wall cooling tends to increase the pressure ratio over the 
flap> particularly for T^/t^ ^ 0.l4, and to reduce the extent of 
separation. At unit Reynolds mambers of 1.46 x 10^ and 2,65 x 10^ 
per foot the effect of increased wall cooling is to considerably 
decrease the extent of separation. 
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The decrease in the extent of separation at the higher Reynolds 

nnmherB is caused hy the flow going from a laminar type of separation 
to a transitional type of separation; as was previously pointed out 
in the section on oilwflow studies* The additional effects of wall 
cooling at the higher Reynolds numbers is to further reduce the 
extent of separation, as shown in reference h6, for a cone-cylinder 
flare at Mach 5 at a similar unit Reynolds number range. Thus the 
combined effects of transitional separation and wall cooling tend to 
reduce significantly the extent of separation with the increase in 
unit Reynolds number (above 1 . k6 x 10° per foot ) . 

The results shown in figures 27(a) and (b) for the 20° flap 

indicate that for unit Reynolds numbers of 0.29 X 10 and 0.if2 X 10 

per foot conditions at T^^T^ » 0.15 have a greater extent of 

separation and a higher plateau pressure value than either the 

^w/^t ’’’ 0.i<-5 or the T^yT^ =» O.T^ case. The ^ O.jk, for 

figures 27(a) and (b), falls between the T^^T^ = 0.15 and 0.^3 

cases in both the extent of separation and the level of plateau 
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pressure. For xxnit Reynolds numbers from O.65 x 10° to 1.46 X 10 
per foot in figures 27(c), (d), and (e) Indicate only a small influence 
due to wall temperature in the plateau pressure region, but indicate a 
decrease in flap pressure ratio with an increase in wall-temperature 
ratio. The higher unit Reynolds nmbers of 2.65 x 10^ and 4.3 X 10^ 
per foot; in figures 27(f) and (g), indicate a marked decrease in the 
extent of separation with a decrease in the wall-temperature ratio, 
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and also shov a decrease in the flap presswe ratio with an inerease 

in the wall to total temperatwe ratio. 

For the 50° flap angle the resnlts of the wall-tes^erature 

effect on the pressure data (in figiires 28(a) and 28(h)) for a unit 

6 6 

Reynolds number of 0.29 X 10 and 0*^2 x 10° per foot show a higher 

plateau pressure level and greater extent of separation for the 

T /T = 0.15 ratio than either for T /T = 0A5 or 0.7^ cases. The 
w/ t w/ t 

T^^T^ = O.Tl case, in figure 28(a), falls between the 0.11 and 0.48 

teinperature ratios in both the level of pressure ratio and the 
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extent of separation. At a unit Reynolds number of 0.42 x 10 per 

foot, in figure 28(b), the pressures measured at T ^T^ = 0.45 and 0.?4 

are in reasonably close agreement and are below the pressure level for 

®w/^t 0.l4, The results in figures 28(c), 28(d), and 28(e), for 
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wit Reynolds numbers from O.65 x 10 to 1.48 x 10 per foot, show 
only a small effect in the interaction and plateau region due to wall 
temperature) however, the flap pressure ratios show a decrease with 
an increase in the wall to total temperature ratio. Again, as in the 
20° flap tests, for unit Reynolds number of 2,65 x 10^ and 4.5 X 10^ 
per foot, the effect of wall cooling significantly reduces the extent 
of separation, as shown in figures 28(f) and 28(g). This decrease 
in the extent of separation at the two highest unit Reynolds numbers, 
with a decrease in wall temperature, is attributed to the combined 
effect of wall cooling and transition in the separated region) this 
has been discwsed previously. In figures 28(f) and 28(g) - as in 



the previous high Reynolds number figures - the pressure ratio on the 

flap decreased with an increase in wall to total temperature ratio . 

The tests in figures 2 $, 50/ end 51 were made with side plates 

(see fig. 1) at unit Reynolds numbers of 1.06 x 10° and 2.65 X 10 

per foot for flap deflection angles of 10°, 20°, and 50*^* In general, 

the results of figures 29, 50, and 5 1 show a slight decrease in the 

extent of separation with wall cooling at aunit Reynolds number of 
6 

1.06 X 10” per foot, and a marked decrease in the extent of separation 

6 

with wall cooling at a unit Reynolds number of 2.65 X 10° per foot. 
I’igures 29 to 51 also show a decrease in flap pressure ratio with an 
increase in the wall to total temperat'ure ratio for both unit Reynolds 
numbers . 

In general, the congjarison between experimental and theoretical 
data in figures 26 to 51 shows good agreement with the Lees and Reeves 
theoi*y (ref . and with the Bertram and Blackstock viscous inter- 
action theory (ref. An inspection of the experimental data of 

figure 26 shows that as the wall to total temperature ratio decreases 
the pressure gradient from the beginning of the interaction region 
to approximately the hinge line becomes slightly steeper. Calcula- 
tions by the Lees and Reeves' theory show that the = 0.6 wall 

condition had a steeper pressure gradient from the beginning of the 

interaction to the pressure plateau (value) than did the T /T = 1.0 

■w/ *t 

wall condition. Curie and Gadd (refs. 51 and 47) theoretically 
predicted that the pressure gradient at separation should be inversely 
proportional to the wall temperature. This prediction agrees with the 
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results of caleulatlons by the Lees and Reeves ' theory at wall 
teniperature ratios of * 1*0 0.6} Gadd experimentally 

showed this effect of the wall temperature on the pressure gradient, 
and reported it in reference 48. For the majority of the cases 
qalCT;ilated by the Lees and Reeves' theory, and compared to experi- 
n\ental data, the plateau value for the hot-wall case (T^Tt = 
was slight Jy higher than the cool-wall case (t - 0 .6) when the 
extent of separation was long enough to allow the hot-wall case 
(T /f. l.O) to reach a plateau value. The fact that the T /t. = 1.0 
calculations, using the theory of Lees and Reeves, give a higher 
plateau pressure can also be seen from figure 3 ^, and by a comparison 
of figures l4 and 15. 

It should be noted that the absolute value of experimental 
plateau pressure for hot-wall cases * 0.74) is higher than the 

cool-wall cases (T^^T^ » 0.45). However, when the absolute values 
of plateau pressure are ratioed to the value of the pressirre at the 
beginning of the interaction region, values of the plateau pressure 
ratios at ^^^T^ = 0.45 and “ 0.74" are brought fairly close 

together. This can be seen from an inspection of figure 25 and the 
results of figures 26 to 51* 

The schlieren photographs at wall to total temperature ratios 
of 0.l4, 0.45, and 0*74, and for flap angles of 20° and 50°, are shown 
in figure 52. These photographs were used to determine the wall- 
temperature effect upon the flow deflection angles, the shock-wave 
angles, and the separation points over a unit Reynolds number range 
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of 0.22 X lO” to 4.5 X 10 per foot. The results of the schlleren 
ana3^sis show that the flow deflection angle (fig. 53) and the shock- 
wave angle, measiired from the point of separation, decrease con- 
tinuously with increasing unit Reynolds number for all three wall- 
ten^erature ratios. The effect of wall temperature on flow deflection 
and shock angle is not large; however, it should be noted that the 
highly cooled wall « 0.l4) and the hot-wall condition 

« 0.T4) have slightly higher values of deflection and shock- 

wave angle than does the room-temperature wall condition (T /T =0.45). 

w/ t 

This fact was reflected in the measured press\ires and has been brought 
out in the discussion of figure 25 and figures 26 to 51 • 

It should be noted, from figures 18(a), 18(b), and 18(c), that 
the pressure rise on the flap only approached a peak value of pressure 
for a unit Reynolds number greater than 1.46 x 10^ per foot. The 
reason that the pressinres did not reach a peak value on the flap, for 
unit Reynolds numbers of 1.46 x lO” per foot and below, was because 
the length of flap was so short that it did not allow the flow to 
attain undisturbed flat-plate conditions.- The short length of flap 
undoubtedly had some effect on the length of separation; however, to 
what degree the flap length affected the extent of separation would 
req,uire a separate investigation. In general, it was determined from 
the results of the separation point data (figs. 22 and 54), and the 
reattachment point data (fig. 25), that above a unit Reynolds number 
of 1 X 10° per foot the short length of flap had a small effect on 
the extent of separation. It was observed experimentally that for 
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» 0.45 an Increase in unit Reynolds nujjber, up to a value of 

6 

approximately 1.0 x 10 per foot will move the sepsration point 

forward. A feparture from this experimental trend, found for unit 

6 

Reynolds nuaibers helow 1 x 10 per foot, is attributed to the flap 
lexigth being too short. 

ISie separation-point data, taken from schlieren pictures of 

figure 52 , are shown in figure 3^. These separation point data for 

T It. » 0.43 in figure 3^, are in reasonable agreement with the 
w; t 

surface oil-flow technique, for separation point data, at room- 

temperature wall condition (T^^T^ =; 0.^3), as discussed for figure 22. 

As stated previously for the room-teii^rature wall conditions it is 

felt that separation, up to a tinit Reynolds number of approximately 

1.0 X 10^ per foot, yields a laminar separation; but for unit Rejmolds 

numbers above 1.0 « 10^ per foot the separation is of a transitional 

type. For the 30® flap angle, the results in figure 3^ for the 

room-temperat\ire wall (T /T =? 0.if3), and the hot wall (T /T = 0.7^), 

w/ t w/ t 

show that the separation point moves forwso’d on the plate with 


increasing unit Reynolds number up to a value of approximately 
£ 

1.0 X 10^ per foot. From this point, an increase in the unit Reynolds 


n«*er for . 0A3 mid . 0.74 rapidly «ras the sapara- 

tfon point toward the hinge line . For a flap angle of 30° the wall- 


tempejrature effects for the laminar separation show that the highly 

cooled wall (T IT - 0. Ik) has the greatest extent of separation, 
w/ t 

while the T^|t^ = 0.J4-3 and 0.7^ cases have nearly eqxjal extent of 
separation. When the effects of transition become significant, at a 
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\init Reynolds n-umber of apparoximately 1.0 x 10 per foot, the effect 

Of wall cooling for a given unit Reynolds nxaiiber tends to decrease 

the extent of separation significantly. !rhe wall-temperature effect, 

shown in figure for Sj » 20°> is q.uite similar to the JO*^ flap 

plot with the extent of laminar separation being greatest for the 

highly cooled wall condition (T /T « 0.15)« the hot-wall condition 

w/ *b 

= O.T^) extent of separation being next to the greatest} 

and the room-temperatwe wall condition (t /T =s 0.i|-3) having the 

w/ t 

smallest extent of separation. Again, for the 20° flap deflection, 

when the transitional effects become predominant at a unit Reynolds 

& 

number above approximately 1.0 x 10 per foot the wall cooling, for 
a given unit Reynolds number, consistently tends to decrease the 
extent of separation. 

In figure 35 the values of plateau pressure ratios for 

T s! 0.i4, 0.45, and 0.7^, at flap angles of 20° and 30° are shown; 
w/ t 

these were taken from the plots of figures 26 to 31. It can be seen 
(fig. 55) that the level of plateau pressure decreases with an 
increase in the unit Reynolds number for all three wall-temperature 
ratios and both flap angles. Ihe highly cooled wall (T It - 0.1^) 

W/ ti 

and the hot wall = 0.7^) give higher values of plateau pressure 

than the room-temperature wall condition - 6.^3), up to a 

unit Reynolds number of 1.0 x 10 per foot. At a ■unit Reynolds 

6 

niamber of about 1.0 x 10 per foot the transitional effects become 
significant and the plateau pressure level, for a given •unit Reynolds 
number, decreases -with an increase in wall cooling. 
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Figure 36 shows a correlation of plateau pressure coefficients 

in terms of the local Reynolds number and local Mach ntmaber at the 

■beginning of the interaction region. The data points are for a range 
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of unit Reynolds numbers from 0.22 x 10 to 2.65 X 10 per foot, and 
wall to total temperature ratios Of 0.1^, 0.^5, and 0>7^> The local 
flow properties were evaluated from the measured wall pressures, 
shock angles, and the o'blique shock relations . The beginning of the 
interaction region was determined, from expanded plots of the pressure 
data, figures 15 and 26 to 31# as the point where the pressure began 
to rise above the flat-plate value . These data show reasonable 


agreement with the expression given by Hakkinen, Greber, and Trilling 
(ref. 49), but falls slightly above the theory of Erdos and Pallone 
(ref. 50). The lower Mach number data of Chapman, Kuehn, and Larson 


(ref. 21) and the data of Miller, Hi j man, and Childs (ref. I6) also 
are higher than the values for due to Erdos and 


due to Erdos and 


Pallone (ref. 50). 


Heat-Transfer Results 

The heat-transfer results that are to be presented in this 
thesis are preliminary in nature. These data were taken as "typical 
results" from approximately 50 heat -transfer tests in which the flap 
angle and unit Reynolds number were varied. A complete presentation 
of the heat-transfer tests will be forthcoming in a future paper, 
where the experimental data will be compared with Holden ' s theory 

(ref, ^3)* 
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Three typical comparisons , of the heat-transfer theory with 
escperimental data, are shown in figtire 37« She Infonaatlon in 
figure 37 is presented only for the region upstream of the hinge line. 
It can he seen (fig. 37) that the heat-transfer theory, descrihed in 
detail in appendix G, predicts the general downward trend hut does 
not follow the heating ratio exactly. In the reduction of the data 
the measured values of q, were divided hy the theoretical flat-plate 
value pf q at the beginning of the interaction region. The flat- 
plate value of q was calculated from the local similarity solutions 
of Beckwith and Cohen (ref. 25 )j the local similarity values of 
St ^Re^ for a unit Reynolds number range of 0.22 X 10^ to 4.3 x 10^ 
per foot varied from 0.393 to 0.405 due to changes in the local flow 
conditions. The flat-plate values of q were evaluated at the X/L 
location corresponding to the beginning of the interaction region 
found in figure j. There was good agreement between the measured and 
calculated value of q in the area of flow upstream of the interaction 
region. 

One reason for the lack of better agreement between the heat- 
transfer theory and experiment is believed to be due to the limitation 
in the Lees and Reeves' method of a one -parameter family of velocity 
and enthalpy profiles, in a recent paper by Holden (ref. 43) for the 
solution of the shock-wave boundary- layer Interaction, the energy 
equation was added to the three basic equations which were used in 
the Lees and Reeves' method. Holden's method of solution is quite 



similar to that of Lees and Reeves; however, his use of the energy 
eq,iiation, and the use of the two-paxameter method for describing the 
velocity and enthalpy profiles, has enabled hioa to obtain good 
theoretical agreement with the measured heat-transfer data. 
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X. CONCLUDING ElMABKS 

!The Lees and Reeves’ (ref. theory, for a shoch'-TOve houndajry- 
layer interaction, has been applied to the case of a flat plate with 
a relatively short (20 percent chord) trailing- edge flap. Calcu- 
lations, by this theory, were carried out from the beginning, of the 
interaction region to downstream of reattachment on the flapj however, 
only the calculation for the region from the beginning of the 
interaction region to the maximum extent of the laminar plateau 
region was used. The results for the flow over the flap were not 
used because the extent of the theoretical flow over the flap was 
found to be considerably longer than the actual extent of the 2-inch- 
long flap. The Lees and Reeves* solutions were joined to the upstream 
boundary layer by matching the momentum thickness of the two flow 
regions at the experimentally determined point for the beginning of 
the interaction region. Agreement between the separation pressure 
data and the Lees and Reeves' theory was found to be good. Lees and 
Reeves' upper and lower branch boundary- layer parameters, for a wall 
to total temperature ratio <?t 0.6, were calculated from local 
similarity boundary- layer solutions and then polynomials were curve 
fit to the parameter for use in the separated flow solution. The 
working plots of flat-plate momentum thickness, momentum thickness 
at the beginning of the Lees and Reeves' solution, and pressure 
distributions, used to predict the pressure, ane contained herein. 
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The range of free- stream Mach number, and unit Reynolds number, for 

6 6 

the working plots is to 7»8, and 0.22 x 10 to ^.5 X 10 per 
foot, respectively. 

The results of an extensive surface oil-flow study, conducted at 
room- temperature wall conditions, showed that for pure laminar 
separation an Increase in \init Reynolds number will move the sepa- 
ration point upstream} however, when the boundary layer becomes 
transitional an Increase in unit Reynolds number will move the 
separation point toward the hinge line. It was also found that the 
use of side plates and an increase in the size of the flap angle 
increased the extent of separation. The flap-angle reattachment 
point, according to the oil-flow study, showed that for a given 
unit Reynolds number the point of reattachment changed very little 
with a change in flap angle from 10° to 50°. 

The pressures measured on the 50° flap at a unit Reynolds 
number of 2.65 x 10° per foot indicated a pressure rise of approxi- 
mately 58 percent over the oblique shock reattachment value, raae 
reason for this rise in pressure is believed to be due to a quasi- 
Isentropic compression occurring through a series of waves rather 
than a single shock. Similar pressure rises, only to a lesser 

degree, are noted for the 20° flap angles for tinit Reynolds numbers 
6 6 

from 2.65 X 10 to ^.5 X 10 per foot. 

The measured separation flow-deflection angles and shock-wave 
angles, for wall to total temperatvire ratios of O.Xk, 0.45, and 
0.74 - which were taken from a schlieren sti^ - Indicate qualitative 
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agreement with the measured pressures ajid the theoretical calculations 
made using the Lees and Reeves’ theory. The schlleren photographs, 
used for these measurements, are contained herein. The measured 
values of plateau pressure are, for the most part, slightly less than 
the separated layer ohllque shock values and slightly more than the 
values predicted hy the Lees and Reeves' theory (for plateau 
pressure) . 

The wall- temperature effects at wall to total temperature ratios 
of 0.l4, 0.4-5, and 0.74 Indicated the following: 

(1) For a flap angle of 10° the wall-temperature effects, for 

T It. ~ 0.45 and 0.74, on the pressure rise to the plateau, were 

6 6 

negligible for unit Reynolds numbers from 0.29 x 10 to 2.65 X 10 per 

foot, and agreed well with the theory of Lees and Reeves’ for 

T It. =1.0 and T jT. = 0.6. 
w/ t w/ t 

(2) For flap angles of 20° and 50° at unit Reynolds numbers of 

0.29 X 10^ per foot and 0.42 x 10^ per foot the tests at = 0.15 

had the highest plateau pressure level, the = 0.74 the next 

highest level, and the = 0.45 the lowest level. The 

T^^T^ = 0.45 data showed the closest agreement to the Lees and 
Reeves' theory for T |T, = 0.6 and T /T, =1.0. 

*W/ t) 'Wj tf 

(5) For flap angles of 20° and 50°, at unit Reynolds numbers 

6 6 

of 0.65 X 10° and 1.46 x 10° per foot, the plateau pressure, for all 
three wall- temperature ratios, was nearly the same and is in close 
agreement with the Lees and Reeves' theory for T /T, = 1.0 ajad 


T It. = 0,6. 

w/ t 
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(^) For flap angles of 10°, 20°, and 50°, at unit Reynolds 
numbers of 2.65 x 10^ per foot and ^.5 x 10^ per foot, the effect 
of wall cooling tends to significantly reduce the extent of 
separation. 

6 

(5) For a unit Reynolds number range of 0.22 x 10 per foot to 
1.0 X 10° per foot the point of separation, for a 20° flap, shows: 

(a) that the highly cooled wall - 0.li4-^ has the greatest 

extent of separation j (b) the hot wall = 0.7^^ has the next 

greatest extent j and (c) the room- temperature wall » 0.^5^ 

has the least extent of separation. These results were taken from 

a study of the schlieren photographs. 

6 6 

(6) For a U3ait Reynolds number from 1.0 x 10° to 4,5 X 10° per 
foot an increase in wall cooling markedly decreased the extent of 
separation and also reduced the level of the plateau pressure. 

The viscous interaction theory of Bertram and Blackstock in 
reference agreed well with the experimental flat- plate data for 
T It. = OM and 0.?^. 

V j Xt 

k correlation of the plateau pressiare with the local Mach 
number and Reynolds number at the beginning of the interaction showed 
reasonable agreement with the theory of Hakkinen, Greber , and 
Trilling, 

The effect of side plates on the model as compared to the results 
with no side plates showed: (l) a reduction in the three dimension- 

ality of the flow in the separated region, (2) a slight increase in 
the plateau pressure level, and (5) a considerable Increase in the 
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extent of separation. The variation of the extent of separation with 
a change in nnit Reynolds number was the same for the condition ■^th 
and without side plates. 
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XI. smmY 

An experimental investigation was made of the flow separation 

on a flat -plate model with a trailing -edge flap deflected at angles 

of 10°, 20°, and 50° relative to the plate surface. These tests 

were conducted at a nominal Mach number of 8 and a nominal unit 

6 6 

Reynolds number (per foot) ranging from 0.22 x 10° to 10.9 X 10°. 
Pressure measurements and schlieren studies were made for wall to 
total temperature ratios of O.li)-, 0.^5> and 0.7^. Surface oil -flow 
studies were conducted at a wall to total temperature ratio of 
0.^5. Local similarity boundaxy-layer calctilations were made 
upstream of the interaction region, Properties of the interaction 
and separated flow region were calculated using the Lees and Reeves' 
shock -wave boundary-layer interaction theory. The two theories were 
Joined at the beginning of the interaction region by matching their 
boundary -layer momentum thicknesses . 

The resiilts showed good agreement between the experimental and 
calculated pressures for adiabatic and room-temperature wall 
conditions. The oil -flow study showed the variation in the extent 
of separation, with a change in unit Reynolds number, for both 
laminar separation and transitional separation. The effect of wall 
cooling, for transitional separation, showed a reduction in the 
extent of separation. The peak pressure rise, on the flap, for 
conditions where the separated shock Impinged on the flap, were as 
high as 58 percent above the inviscid flap pressure. 
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XVI. APPlNIlIXElS 
APPENDIX A 

LEES AHD REEVES ’ SOLUTION FOR THE LAMINAR SEPARATED BOUNDARY LASER 

The Lees end Reeves' theory (ref. h) gives the solutioh for the 
laminar boundary layer in which a pressure disturbance is propagated 
upstream through a supersonic flow. A pressure disturbance may be 
generated by a shock wave impinging oh the boundary layer or it may 
be caused by a trailing -edge flap - the Lees an'i Reeves' theory may 
be applied to either of the two types of disturbances. The theory, 
and its calculations as used in this thesis, applies at the beginning 
of the interaction region and is used to the point of the shock 
impingement (the hinge line) for the cases where the temperature 
ratio is 0.6 and T^ j T^ = 1.0. The flow field on' the flap 

was determined by this theory for a few cases but it was found that 
the extent of the calculated region over the flap was considerably 
longer than the actual size of the flap on the model. 

The Lees and Reeves ' method req,uires a solution of the first 
moment of momentum, the zeroth moment of momentxxm, and the 
conservation of mass equations coupled with an inviscid streamline 
and Prandtl -Meyer solution. The method gives the solution for the 
boundary layer and the flow external to the boundary layer within the 
framework of a single parameter family of velocity profiles. This 
one parameter determines the velocity and enthalpy profile for 



- 84 - 


specified regiops of attached and separated flows; yet it is not 
difectiy related to the local, static pressixpe gradient* The local 
pressure gradient is determlhed from the local inviscid flow 
inclination and the Prandtl -Meyer solution. 

For the T^|T^ s= 1.0 conditions the Stewartsou (ref. 42) and 
the Cohen and Reshotko (ref. 4l) houndary-layer solutions were used 
to evaluate the integral parameters used in the lees and Reeves’ 
solution. For the case with heat transfer, T^|T^ = p.6, the boxindaiy- 
layer profiles were calculated from the local similarity solutions 
with Pr s: 1.0, Cp = constant and pp. = constant. These boundary-layer 
solutions were used to calculate the integral parameters (see 
appendix B). These integral parameters were then curve fitted (by a 
polynominal expression) as a function of the single parameter, a, 
used to describe the entire family of velocity profiles for both 
attached and separated flows. The fitted cu3*ves, of the integral 
parameters, for T /T. = 0.6 are tabulated in appendix B. The local 
similarity solutions reduce to a solution which is the same as that 
of Cohen and Reshotko (ref. 42) when a Prandtl number of unity and a 
constant heat capacity are used. 

The Lees and Reeves ' method of calculation starts at the point 
of separation and moves upstream until a flat-plate (Blasius type) 
solution is reached at the upstream "end" of the Interaction. The 
value of local Mach number and unit Reynolds number are fixed at the 
point of separation and the value of transformed displacement 
thickness at the point of separation is iterated for until the proper 
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upstream solution is found at the beginning of the interaction region 
The conditions needed to satisfy the two -point boiindary-value problem 
are (i) the rate of change with respect to the transformed Y 
distance of the local }fe.ch number and (2) the shape parameter 
approach zero as the parameter describing the family of velocity 
profiles approaches the zero pressure gradient value for attached 
flow. After the correct value of the displacanent thickness, at the 
point of separation, is foimd the solution moves downstream into the 
separated flow region. The basic eq.uations used in the method are 
noted below. Equations A 1 to A were integrated by a foxirth- 
order Eunge-Kutta integration procedure which extrapolates to a zero 
interval size as a correction factor. All equations were integrated 
using 8^* as the independent variable; they are 



(Ar5) 


and 




(A-12) 
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!5h?8e additional eq,uations are used in the solution! 





- 89 - 


APPENDIX B 

DEBS AND REEVES' BOlOTJARX-IAm PARAMETOS 
PC® T^jT^m 0.6 

cuive fit par^ for the boiwiclary--l)ay'ar lnteg?ral 
paraaeter?# for T^yr^ » 0.6, that were uaed in the Deea and Reeves' 
calculation are listed in tables 1-A and 1-B for attached and 
separated flow parametSr 8, respectively. These parameters were 
calculated ffom local similarity solutions using a Prandtl number 
of uiiity and constant heat capacity. The integral parameters, in 
the notation of reference 2, are; 

(B-1) 

(B-2) 
(B-5) 


H » 


p& 

J f (1 - f') 


dn 


J 


dn 


J = 


J f ' (1 - f '^) dn 


rS 

J Urf) 


■dT) 


p . r« J a - f) 


dn 



z ■ \ ' ■ ■ ■ ' ■ ■ ■ ■ - (B-6) 

/ (I - f) 4 tJ 

The value of f ’ > at the edge of the hovhdary layer, was taken as 
0*9995 for all calQulations . The parametera (B-l) to (B-6) were 
fitted to various order polynomials by the method of least sq.uares, 
as a funetlon of th,e ” a" parameter defined by the Lees and Reeves' 
method. ^I^e Parameters R, T*, and Z> listed in tables 

1-A and 1-B, are defined in (B-l) to (B-6) (above) while and 

m^ are defined in appendix G. 

The polynomials, listed in tables 1-A and 1-B, occur in the 
general form 

H “ A + Ba + Ca^ + Da^ + + Fa^ + Ga^ + 

and vaiy from ^th order for the attached flow parameter to as high 
as 7th order for separated flow. 



TABLE I-A COEFFICIENTS FOR ATTACHED FLOW (T„/T, 
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APPENPIX G 

HEAT TRANSFER IN THE SEPARATED REGION 

The Lees and Reeves' method has teen extended, to obtain heat 

transfer, by using the slope of the enthalpy profile at the wall 

ii\) * corresponding to a given velocity and enthalpy profile 

which are defined in terms of the single parameter "a". The 

enthalpy and velocity profiles were calculated from local similarity 

solutions for an T /T. k 0.6, Pr 1, Pu, and s? constant. A 

w/ r P 

polynomial for as a function of the single parameter "a" is 

given in appendix B for both separated and attached flows. 

The heat- transfer expression is derived from the basic definition 
of the heat transfer through a bovuadary layer to a wall; that is, 



Then, by using the Stewartson transformation. 


Pa a p 

dX = dx, dl = f . dy 


- P a 
*00 00 


00 00 


(C-1) 


(C-2) 


with the definition of the enthalpy function 



and a longitudinal velocity description of 



(C-5) 


(C.4) 
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along with the definition 


n » ? 


u. 


J\1 


a t 1 ~e 


(C-5) 


where 




reslilti in the heat-transfer expression 





(c-6) 


The parameters ; and m, which are substituted into 

equation (Ci- 6 ); are plotted in figures 58 and 59 as a function of the 
Lees and Reeves' parameter "a". The transformed upstream flow 
(fig> %o) was used to join the upstream ^ history with t^ie value 
of X from the Lees and Reeves' solution. The value of X, from 
figure ^0^ was selected at the x/l position corresponding to the 
beginning of the interaction region, .obtained from figure 7 for a 
given flap angle and unit Reynolds number. The transformed value 
of ^ at the beginning of the interaction, region was added to the 
calculated value of % from the Lees and Reeves’ solution at each 
point of calculation. ®ie sum of these two values (of X) was then 
used as the value of ^ in equation (C-6). 
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Figure 1.- Photograph of pressure model 







Figure 2— Schematic of the pressure model. 
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Jlgijre 8.- The momentum thickness along a flat plate at a nominal Mach 
number of 8 for adiabatic wall conditions at various unit Reynolds 
numbers . 
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Distance from leading edge, X/L 

Figure 9*- momentum thickness along a flat plate at a nominal Mach 
ntmiber of 8 for cool-wall conditions at various unit Reynolds 
numbers . 
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Figure 10.- The momentxim thickness at the beginning of the interaction 
region versus the local Mach number at separation for adiabatic wall 
conditions at various unit Reynolds nuinbers. 
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Figure 11.- The momentum thickness at the heginnlng of the Interaction 
region versus the local Mach number at separation for cool-wall 
conditions at various unit Reynolds numbers. 
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Figure 15*- A coiig>arison of the growth of the momentum thickness 
and the displacement thickness over a flat plate with flow 
separation. 
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Figure l4.- The effect of Reynolds nimiber and flap angle on the 
theoretical prediction of plateau press\ire for cool •walls. 
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Figure 15 •- The effect of Reynolds nxuriber and flap angle on the 
theoretical prediction of plateau pressure for adiabatic walls 



















































Figure IT*- Schlieren photographs of the flow separation model 
at = 0.45 for three flap angles and various \nxit 

Reynolds numbers . 
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(a) 6^ = 50°. 

Figvire l8.- The effect of Reynolds nimiber on the plateau and flap 
pressures at a T^^T^ = 0.^5 for three flap angles, with and 

without side plates. 
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(e) Side plates. 
Figure l8.- Concluded 
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Figure 25 .- The 
point of : 


Reynolds nizmlDer/m, R 


10 


10 ’ 



10'^ 


Reynolds number/ft, E 


effect of Reynolds number ajid flap angle on the 
reattachment on the flap for “ 0.45 . 

























( 

3 0^ 

0 ^ < 

i' ^ 0 


(a) R = 0.29 X 107 ft (0.95 X 10 


O 0.15 
□ .46 
<> .72 


(b) R = 0.42 X 10 


Lees and Reeves 
_^_Tw/Tt= 1.0 


— Vn^-6 

Bertram and Blackstock 

T^/Tt = 0-43 


O 0.15 
□ .44 

<> .71 

o ® • 




Distance from leading edge, X/L 


(c) R = 0.65 X 10^/ft (2.15 X 10^/m). 

Figure 27.- The effect of wall temperatiire and Reynolds number on 
the pressure distribution at a flap angle of 20°. 
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Figure 27.- Concluded 















Figure 28.- Continued. 



Ikk 



Distance from leading edge, X/L 


(f) R = 2.65 X 10 ^/ft (S.69 X 10^/m). 


Figure 28.- Continued 
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(b) R = 2.65 ,x 10^/ ft (8.69 X 

Figure 30.- The effect of wall ten5)erature, Reynolds number, and side 
plates on the presstire distribution at a flap angle of 20°. 
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(b) R = 2.65 X 10^ /n (8.69 X 10^/m). 


Figure 51.- The effect of wall temperature, R^nolds number, and side 
plates on the pressxire distribution at a flap angle of 50°. 
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Figure 55*- The effect of Reync 
angle on the separation poini 
separation shock- wave angle. 
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Figure 5^.- fhe effect of Reynolds number, wall tanperature, and flap 
angle on the location of the separation point on the plate surface. 
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Figvire 59*“ The pressure gradient parameter from similar solutions 
as a function of the Lees and Reeves* parameter. 
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Figure ^0.- The x coordimte in the transfoimed plane for a 
flat plate solution at various Reynolds numbers. 




